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nervation (Davis and Goodman, 1998b; Liu and Tsien,
1995). Three types of compensation are observed that
regulate synaptic function in order to maintain appro-
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priate postsynaptic excitation: changes in postsynaptic-University of California, San Francisco
receptor function (Liu and Tsien, 1995; O’Brien et al.,San Francisco, California 94143
1998; Turrigiano et al., 1998), changes in presynaptic-
transmitter release (Davis et al., 1998; Davis and Good-
man, 1998b; Petersen et al., 1997; Sandrock et al., 1997),Summary
and changes in voltage-gated channel conductances
(Desai et al., 1999; Golowasch et al., 1999; TurrigianoHomeostatic mechanisms regulate synaptic function
et al., 1995). Based on these experiments, it is hypothe-to maintain nerve and muscle excitation within reason-
sized that neurons and muscle are endowed with theable physiological limits. The mechanisms that initiate
capacity to monitor summed synaptic depolarization inhomeostasic changes to synaptic function are not
order to initiate a compensatory response (Davis andknown. We specifically impaired cellular depolariza-
Bezprozvanny, 2001; Davis and Goodman, 1998a; Tur-tion by expressing the Kir2.1 potassium channel in
rigiano and Nelson, 2000). A fundamental question con-Drosophila muscle. In Kir2.1-expressing muscle there
cerns how these forms of homeostatic compensationis a persistent outward potassium current (10 nA),
are triggered.decreased muscle input resistance (50-fold), and a
One working hypothesis is that calcium influx throughhyperpolarized resting potential. Despite impaired
postsynaptic glutamate receptors is used as a cellularmuscle excitability, synaptic depolarization of muscle
monitor of synaptic function to initiate the homeostaticachieves wild-type levels. A quantal analysis demon-
regulation of neural activity. To date, all of the experi-strates that increased presynaptic release (quantal
ments investigating homeostasis have directly or indi-content), without a change in quantal size (mEPSC
rectly manipulated glutamate receptor (GluR) function;amplitude), compensates for altered muscle excita-
these manipulations are sufficient to trigger homeostatiction. Because morphological synaptic growth is nor-
regulatory change (Davis et al., 1998; DiAntonio et al.,mal, we conclude that a homeostatic increase in pre-
1999; O’Brien et al., 1998; Petersen et al., 1997; Turrigi-synaptic release compensates for impaired muscle
ano et al., 1998). This model is attractive because theexcitability. These data demonstrate that a monitor
subsequent regulatory modifications to synaptic func-of muscle membrane depolarization is sufficient to
tion could share mechanisms with activity-dependentinitiate synaptic homeostatic compensation.
synaptic plasticity (Turrigiano and Nelson, 2000).
An alternative possibility is that a cell directly monitorsIntroduction
membrane depolarization, independent of GluR activa-
tion. No experimental manipulation, to date, has specifi-The precise regulation of neural excitability is essential
cally altered postsynaptic membrane excitability andfor proper nerve cell, neural circuit, and nervous system
assayed for homeostatic-synaptic compensation. Infunction. During postembryonic development and through-
principle, a cellular monitor of membrane depolarizationout life, neurons are challenged with perturbations that
would include a voltage sensor such as a voltage-gatedcan alter excitability including changes in cell size,
channel. Indeed, it has been hypothesized that calciumchanges in the amount of innervation, and changes to
entry via voltage-gated calcium channels could be used
synaptic efficacy (Davis and Bezprozvanny, 2001; Davis
to homeostatically control ion channel density (Golo-
and Goodman, 1998a). Numerous experiments demon-
wasch et al., 1999; Liu et al., 1998). Such a model would
strate that neurons are able to compensate for these allow cellular excitability, which is the parameter that is
types of perturbations in order to maintain appropriate being maintained by the homeostatic regulatory changes
levels of excitation (Davis and Bezprozvanny, 2001; to synaptic function, to be directly monitored.
Davis and Goodman, 1998a; Turrigiano, 1999). The abil- Here we provide evidence that a monitor of membrane
ity of a neuron or muscle cell to maintain excitation depolarization is sufficient to trigger a homeostatic regu-
within a narrow physiological range is a form of electrical lation of synaptic function at the Drosophila neuromus-
homeostasis in the nervous system. Despite the impor- cular junction (NMJ). We have specifically manipulated
tance of homeostatic regulation for the control of neural the ability of the synapse to depolarize postsynaptic
activity the mechanisms of homeostatic regulation in muscle without altering GluR function, GluR activation,
the nervous system remain obscure. or target innervation. This was achieved by expressing
Experiments that have tested for the presence of ho- a potassium channel in muscle that passes a significant
meostasis in the nervous system have examined synap- outward current and therefore impairs muscle depolar-
tic function after experimental manipulation of neuronal ization both by opposing synaptic depolarization and by
activity (O’Brien et al., 1998; Turrigiano et al., 1998), causing a persistent leak current that decreases muscle
postsynaptic receptor function (Davis et al., 1998; Pet- input resistance. We demonstrate that an increase in
ersen et al., 1997; Sandrock et al., 1997), or target in- presynaptic release compensates for the impaired mus-
cle excitability and thereby achieves normal muscle de-
polarization. Thus, we demonstrate that a monitor of1 Correspondence: gdavis@biochem.ucsf.edu
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Figure 1. Morphology and Synaptic Localization of the Kir2.1 Channel
(A, E, and H) The GFP tagged Kir2.1 channel localizes to the postsynaptic membranes of synaptic boutons in Kir2.1-expressing third instar
larvae (yw/; UAS-Kir/MHC-GAL4). Clear definition of the postysnaptic subsynaptic reticulum underneath a single bouton can be seen with
Kir2.1-GFP (E and H insets).
(B) Visualization of both Kir2.1-GFP (green) and anti-synapsin (red) staining for the same synapse as in (A).
(C) The synaptic terminal at muscles 6 and 7 of a control animal, yw/; MHC-GAL4/, is visualized using anti-synapsin and anti-FasII
antibodies.
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muscle depolarization initiates a trans-synaptic signal- the experimental genotype is intermediate between the
two control genotypes (bouton number/muscle surfaceing cascade capable of generating an increase in pre-
synaptic transmitter release that precisely compensates [x104m2] is 9.3  0.4 for MHC-GAL4/ and 11.7 
0.4 for UAS-Kir/ compared to 9.9  0.3 for the experi-for impaired muscle excitability.
mental genotype UAS-Kir/MHC-GAL4). These data sup-
port the conclusion that morphological synaptic devel-Results
opment, and in particular the relationship between
synapse growth and muscle growth, has not been per-Expression of Kir2.1 in Drosophila Muscle
In order to manipulate muscle depolarization without turbed by postsynaptic Kir2.1 expression.
altering GluR function, we have expressed a GFP-
tagged human Kir2.1 channel (Baines et al., 2001; Johns Kir2.1 Passes Both Inward and Outward Current
in Drosophila Muscleet al., 1999) in Drosophila muscle using the UAS-GAL4
system (Brand and Perrimon, 1993). The UAS-Kir2.1 The Kir2.1 subtype of inward-rectifying potassium chan-
nels passes either inward or outward current at a giventransgene was expressed using a muscle-specific Myo-
sin Heavy Chain promoter that drives GAL4 expression membrane potential depending on the driving force for
potassium at that potential (Nichols and Lopatin, 1997).exclusively in muscle (Davis et al., 1998). The postsynap-
tically expressed Kir2.1 channel localizes to synaptic We examined the function of the Kir2.1 channel in Dro-
sophila muscle using two-electrode voltage clamp atboutons based on GFP fluorescence surrounding the
presynaptic nerve terminal as defined by anti-synapsin muscle 6 of segment A3 in female third instar larvae
(Figure 2). Kir2.1 expression in Drosophila muscle gener-staining (Figures 1A and 1B). The synaptic localization
is achieved, in part, via a consensus PDZ-interaction ates a large inward current at potentials hyperpolarized
relative to 85 mV and a substantial outward current atdomain consisting of the C-terminal three amino acids
(Figures 1E–1J). potentials depolarized relative to 85 mV (Figure 2A).
The outward current in Kir2.1-expressing muscle is, atThe presence of Kir2.1 at the synapse does not dra-
matically alter synaptic morphology (Figures 1C and 1D). maximum, 15 nA greater than the outward current ob-
served in wild-type muscle and is observed throughoutThere is a small but statistically significant decrease
in both muscle size and bouton number at synapses the range of membrane potentials from 85 to 15 mV
(Figure 2A, gray box). This is the voltage range overexpressing Kir2.1 in postsynaptic muscle. Surface area
of muscles 6 and 7 of segment A3 combined (as esti- which the synaptic potential depolarizes muscle to in-
duce muscle contraction. Thus, expression of the Kir2.1mated by the rectangular surface area of the muscles
expressed as 104m2) in genetic controls is 10.4  0.2 channel will act to oppose synaptic depolarization of
the muscle fiber. At approximately 15 mV, there is nofor MHC-GAL4/ (n  19) and 9.8  0.3 for UAS-Kir/
(n  23) compared to 8.7  0.3 for the experimental significant difference in current between wild-type and
Kir2.1-expressing muscle (Figure 2A), presumably be-genotype UAS-Kir/MHC-GAL4 (n 28). Average bouton
number at muscles 6 and 7 are 95.6  3.7 for MHC- cause current flow through the Kir2.1 channel is increas-
ingly blocked by Mg2 ions or polyamines at depolarizedGAL4/ (n  19) and 113.6  3.9 for UAS-Kir/ (n 
23) compared to 85.2  3.1 for the experimental geno- potentials relative to Ek (Nichols and Lopatin, 1997). Be-
cause the Kir2.1 channel shows a voltage-dependenttype UAS-Kir/MHC-GAL4 (n 28). There is no significant
change in bouton size comparing control with Kir2.1- change in current, Kir2.1 expression causes a nonlinear
change in muscle excitability. The current-voltage rela-expressing synaptic boutons (Figures 1C and 1D). It has
been demonstrated that there is a precise coupling of tionship of Kir2.1 expressed in Drosophila muscle
closely resembles that of Kir2.1 expressed in culturedbouton number and muscle size during development at
the Drosophila NMJ (Lnenicka and Keshishian, 2000; vertebrate central neurons (having a persistent outward
current depolarized relative to Ek) (Johns et al., 1999)Schuster et al., 1996a; Wan et al., 2000), as has been
suggested for other neuromuscular systems (Balice- but differs from expression in oocytes where no outward
current is observed (Bradley et al., 1999; Kubo et al.,Gordon et al., 1990; Balice-Gordon and Lichtman, 1990;
Kuno et al., 1971; Lnenicka and Mellon, 1983). The 1993).
The cation Ba2 has been shown to efficiently blockcoupling between muscle growth and the growth of
the neuromuscular synapse is not perturbed by post- the Kir2.1 subtype of channels (Kubo et al., 1993). Al-
though there are other reagents that are reported tosynaptic expression of the Kir2.1 transgene. When
bouton number is normalized to muscle surface area block Kir2.1 to varying degrees, Ba2 appears to be the
(D) The synaptic terminal at muscles 6 and 7 of a Kir2.1-expressing animal, yw/; UAS-Kir/MHC-GAL4, is visualized using anti-synapsin and
anti-FasII antibodies.
(F and I) Substitution of the consensus PDZ interacting motif in the Kir2.1 protein (yw/; UAS-Kir2.1AAE-GFP/MHC-GAL4) disrupts channel
localization. The UAS-Kir2.1AAE-GFP channel appears diffuse at the postsynaptic subsynaptic reticulum underneath a single bouton (F and I
insets).
(G and J) Quantification of the ratio of fluorescence intensity of the difference between the synaptic and the muscle membrane (F) relative
to the fluorescence intensity of the muscle membrane for muscle 6 (G) and muscle 4 (J). There is a significant difference in relative fluorescence
intensity between the Kir2.1- and Kir2.1AAE-expressing animals (asterisk, p  0.001, Student’s t test) indicating that the Kir2.1AAE channel is
mislocalized to the muscle membrane surface. The numbers above the bars indicate the number of boutons assayed for fluorescence intensity.
Dashed lines in (E) and (F) indicate the edge of muscle 6. Arrows indicate boutons selected for insets in (E, F, H, and I). Scale bar in (A) is 5
m; in (C) and (D) scale bar is 15 m.
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Figure 2. The Kir2.1 Channel Passes a Per-
sistent Outward Current in Drosophila Larval
Muscle
(A) I-V plot of the currents in Drosophila mus-
cle with and without expression of the Kir2.1
channel. The muscle in the UAS-Kir/MHC-
GAL4 animals (Kir Muscle, filled boxes [n 
9]) has a large inward current hyperpolarized
relative to 85 mV and a persistent outward
current depolarized relative to 85 mV that
is not present in the control animals (MHC-
GAL4/, open diamonds [n  6] and UAS-
Kir/, open circles [n  9]). The novel outward
current in the Kir2.1-expressing muscle grad-
ually decreases as the muscle becomes more
depolarized and is absent by 15 mV.
(B) I-V plot of the currents in Kir2.1-express-
ing muscle with and without Ba2 treatment.
Both the large inward and outward currents
in the Kir2.1-expressing muscle (Kir Muscle,
black filled boxes [n  9]) are dramatically
decreased by Ba2 treatment (Kir Muscle 
Ba2, red filled circles [n  8]). Currents from
muscle in control animals without Ba2 treatment are also plotted for comparison (MHC-GAL4/, open diamonds [n  6]).
(C) I-V plot of the currents in the muscles of the MHC-GAL4/ control animals with Ba2 treatment (Control  Ba2, red open squares [n 
7]) and without Ba2 treatment (Control, black open diamonds [n  6]). Ba2 treatment slightly reduces the outward current in control animals
starting at approximately 15 mV.
(D) Representative current traces used to generate the I-V curves in (A)–(C). Control is MHC-GAL4/, Kir Muscle is UAS-Kir/MHC-GAL4. The
muscles were clamped at 85 mV and stepped from 115 mV to 5 mV in 10 mV increments. To generate the I-V curves, the magnitude of
the currents was measured 15 ms after stepping to the new membrane potential. Error bars are S.E.M. All recordings were performed in 0.5
mM Ca2 HL3 saline  Ba2 as indicated. Complete genotypes are as follows and are the same for all figures: UAS-Kir/MHC-GAL4 is yw/;
UAS-Kir/MHC-GAL4, MHC-GAL4/ is yw/; MHC-GAL4/, UAS-Kir/ is yw; UAS-Kir/.
most effective and selective pharmacological blocker proximately 15-fold but has no effect on the controls
(Table 1). Ba2 treatment also improves the resting mem-yet identified. Treatment of the Drosophila larval prepa-
ration with physiological saline including 0.3 mM BaCl2 brane potential in the Kir2.1-expressing animals as well
as the membrane time constant (Table 1). Thus, expres-for 5 min prior to electrophysiological recording effi-
ciently blocks the large inward and outward currents in sion of the Kir2.1 channel alters the membrane proper-
ties of muscle in a manner consistent with a dramaticDrosophila muscle expressing the Kir2.1 channel (Figure
2B). This treatment has little effect on wild-type muscle increase in potassium ion flow across the cell mem-
brane.(Figure 2C). These results indicate that the novel inward
and outward currents in the Kir2.1-expressing muscle
are due to expression of a functional Kir2.1 channel.
Kir2.1 Expression Impairs Muscle Excitability
An analysis of spontaneous miniature-release events
(mEPSPs) demonstrates that Kir2.1 expression impairsExpression of Kir2.1 Alters the Passive Membrane
Properties of Muscle muscle excitability. The average mEPSP amplitude re-
corded from Kir2.1-expressing muscle is decreased byIn order to characterize the passive membrane proper-
ties of muscle expressing the Kir2.1 channel, we quanti- approximately 50% compared to control animals (Figure
3). This demonstrates that the ability of neurotransmitterfied the average resting membrane potential, input resis-
tance, and time constant of the muscle membrane (Table to depolarize the muscle membrane is severely impaired
by expression of the Kir2.1 channel. Treatment of dis-1). The resting membrane potential of Kir2.1-expressing
muscle is hyperpolarized by approximately 15 mV rela- sected larvae with Ba2 for 5 min prior to electrophysio-
logical recording reveals an average mEPSP amplitudetive to controls. Kir2.1-expressing muscle has a nearly
invariant resting membrane potential with an average that is the same as the UAS-Kir/ control animals (Fig-
ure 3). Because treatment of the muscle with Ba2blocksof 85.3 mV (Table 1; Figure 2A). The input resistance
of a cell is the impedance of the membrane to current the Kir2.1 channel, this suggests that the altered mem-
brane properties of the Kir2.1-expressing muscle areflow across the membrane. Expression of the Kir2.1
channel lowers the input resistance of muscle approxi- responsible for the observed decrease in average
mEPSP amplitude rather than a change in current flowmately 50-fold compared to control genotypes (Table
1). In addition, the muscle membrane time constant is through postsynaptic GluRs. This was tested directly by
quantifying synaptic current (see below).ten times faster in Kir2.1-expressing muscle (Table 1).
Treatment with 0.3 mM Ba2, which blocks the Kir2.1 There is a discrepancy between the change in muscle
input resistance and the change in mEPSP amplitudechannel (see Figure 2), partially reverses the effects of
Kir2.1 expression with respect to the passive properties when comparing wild-type with Kir2.1-expressing mus-
cle. Input resistance changes nearly 50-fold (7–10 Mof the muscle membrane. Ba2 treatment improves the
input resistance of the Kir2.1-expressing muscle ap- in genetic controls compared to 0.2 M in Kir2.1-
Synaptic Homeostasis in Drosophila
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Table 1. Altered Muscle Properties due to Expression of the Kir2.1 Channel
No Ba2 0.3mM Ba2
Genotype Vm (mV) Rin (M) 	 (ms) Vm (mV) Rin (M) 	 (ms)
Controls:
MHC-GAL4/a 68.4  0.8 7.3  0.6 (n  10)b 45.6  3.7 (n  8) 68.6  1.5 7.8  0.5 (n  10) 39.8  1.6 (n  9)
UAS-Kir/c 70.5  1.3 10.6  0.5 (n  11) 46.0  1.8 (n  8) 72.9  1.4 9.0  0.6 (n  8) 38.5  1.5 (n  9)d
UAS-KirAAE/e 73.8  1.3f 8.0  0.8 (n  10)b 42.0  2.2 (n  10) N.D. N.D. N.D.
Kir Muscle Expression:
UAS-Kir/MHC-GAL4g 85.3  0.5h 0.24  0.02 (n  12)h 3.7  0.7 (n  9)h 81.4  0.7h,d 3.0  0.2 (n  20)h,d 14.2  1.5 (n  10)h,d
UAS-KirAAE/MHC-GAL4i 83.8  0.7h 1.15  0.10 (n  10)h,j 11.1  0.8 (n  8)h,j N.D. N.D. N.D.
Values are mean  S.E.M. N.D. is not determined. Vm is resting membrane potential of the muscle. Rin is input resistance of the muscle.
Vm and Rin were measured for the same muscles. 	 is the time constant of the muscle membrane.
MHC-GAL4/, UAS-Kir/, and UAS-Kir/MHC-GAL4 recordings were performed in 0.3mMCa2.
UAS-KirAAE/ and UAS-KirAAE/MHC-GAL4 recordings were performed in 0.5mMCa2.
a Complete genotype is yw/; MHC-GAL4/
b Statistically significant difference (p  0.02 Student’s t test) compared to UAS-Kir/ without Ba2.
c Complete genotype is yw; UAS-Kir2.1/
d Statistically significant difference (p  0.007 Student’s t test) compared to same genotype without Ba2.
e Complete genotype is yw; UAS-Kir2.1AAE/
f Statistically significant difference (p  0.004 Student’s t test) compared to MHC-GAL4/ without Ba2.
g Complete genotype is yw/; UAS-Kir2.1/MHC-GAL4
h Statistically significant difference (p  0.001 Student’s t test) compared to controls under the same Ba2 conditions.
i Complete genotype is yw/; UAS-Kir2.1AAE/MHC-GAL4
j Statistically significant difference (p  0.001 Student’s t test) compared to UAS-Kir/MHC-GAL4 without Ba2.
expressing muscle), while mEPSP amplitude changes are able to depolarize muscle to the same absolute
membrane potential as wild-type synapses in 0.5 mMonly 2-fold. This discrepancy could be due to a number
of factors. We are almost certainly overestimating the Ca2 (Figure 4A). In order to achieve the same absolute
membrane potential, EPSPs at Kir2.1-expressing mus-mEPSP amplitude in Kir2.1-expressing muscle because
small spontaneous events that would be detected in cle are30% larger than those in control animals (Figure
4A). Homeostatic compensation is therefore demon-wild-type muscle are likely to be undetectable in Kir2.1-
expressing muscle. This possibility is supported by the strated because the EPSP at Kir2.1-expressing mus-
cle is able to reach wild-type membrane potentials de-observation that the frequency of mEPSPs in Kir2.1-
expressing muscle is 5.3 Hz, but this increases to 7.6 Hz spite significantly impaired muscle excitability (reduced
mEPSP amplitude by 50%) (see Figure 3 and Tablein the presence of Ba2 that heals the passive membrane
properties of the muscle. There is no change in minia- 1). The altered EPSP shape in Kir2.1 muscle is primarily
a consequence of the altered passive membrane prop-ture-release event frequency in wild-type muscle com-
paring recordings with and without Ba2 (data not erties of the muscle (Table 1). This homeostatic regula-
tion of EPSP amplitude is observed at all calcium con-shown; see Figure 6C for recordings with Ba2). A sec-
ond source of error could be introduced if the membrane centrations at or above 0.5 mM external calcium (Figure
4B), including physiological calcium (1.5mM) (Stewartis nonlinear over the range of potentials used to test
input resistance. However, the mEPSP amplitude does et al., 1994). Below 0.5 mM calcium the synaptic currents
are smaller than the Kir2.1-dependent outward current.not change during the current injection used to deter-
mine input resistance (data not shown), indicating that As a result, the EPSP amplitudes are smaller than wild-
type despite having a larger underlying EPSC than wild-the membrane is linear over the range where we have
tested input resistance (see also Figure 2). In addition, type (see below for current amplitude measurements).
error could be introduced due to nonlinear properties
of our current passing electrode, causing an underesti- Homeostatic Regulation of Muscle Depolarization
Is Independent of the Consensus PDZ-Interactingmation of input resistance. Finally, Kir2.1-expressing
muscle has a 10-fold change in the membrane time Sequence in the Kir2.1 Channel
The Kir2.1 channel contains a consensus PDZ-inter-constant (Table 1). Previous studies in skeletal muscle
have suggested that the amplitude of the mEPSP wave- acting sequence (SEI) at its C terminus that is partially
necessary for channel localization to the synapse. Weform, due to its short duration, is a function of muscle
input impedance, which in turn is dependent on the generated a Kir2.1-GFP channel that has the SEI con-
sensus PDZ-interacting sequence replaced with themembrane time constant. (Falk and Fatt, 1963; Lnenicka
and Mellon, 1983). We estimate only a 10-fold change amino acids AAE (Kir2.1AAE). A similar mutation was used
to demonstrate that the PDZ-interaction motif is neces-in input impedance comparing genetic controls with
Kir2.1-expressing muscle. sary for synaptic localization of the Shaker potassium
channel and the Fasciclin II cell adhesion molecule at
the Drosophila NMJ (Zito et al., 1997). The synaptic local-Evidence for the Homeostatic Regulation
of Synaptic Depolarization ization of Kir2.1AAE is disrupted (Figures 1E–1J). The
channel no longer shows intense localization to the sub-Quantification of evoked synaptic depolarization
(EPSPs) demonstrates that Kir2.1-expressing synapses synaptic membrane folds and increased expression is
Neuron
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Figure 3. Muscle Excitability is Impaired in Kir2.1-Expressing An-
imals
(A) Representative traces of spontaneous transmitter release events
(mEPSPs) recorded in 0.3 mM Ca2 HL3 saline from control animals
(UAS-Kir/) without Ba2 treatment and Kir2.1 Muscle-Expressing
animals (UAS-Kir/MHC-GAL4) with and without 0.3 mM Ba2 treat-
ment. The traces show the reduction in muscle excitability in the
Kir2.1-expressing animals which is alleviated by Ba2 treatment.
The Ba2 has no effect on mEPSPs of control animals (traces not
shown).
Figure 4. Synaptic Depolarizations Reach Wild-Type Membrane(B) Quantification of the average amplitude of the spontaneous
Potentials in the Kir2.1-Expressing MusclemEPSPs in the control and Kir2.1-expressing animals in HL3 saline
(A) An average EPSP for a control animal (yw; UAS-Kir/) and acontaining 0.3 mM Ca2 with or without 0.3 mM Ba2 treatment.
Kir2.1-expressing animal (yw/; UAS-Kir/MHC-GAL4) is picturedThe average amplitude of the mEPSP without Ba2 treatment is
in 0.5 mM Ca2; these recordings were performed without Ba2significantly reduced in the Kir2.1-expressing animals, UAS-Kir/
treatment. The EPSP in the Kir2.1-expressing animal depolarizesMHC-GAL4, compared to the control animals, MHC-GAL4/ and
the muscle to approximately the same overall level as in the controlUAS-Kir/ (p  0.0001, Student’s t test). Upon Ba2 treatment, the
animal (dotted line). The numbers above the traces refer to theaverage amplitude of the mEPSPs in the Kir2.1-expressing animals,
overall muscle membrane voltage that is achieved by the peak am-UAS-Kir/MHC-GAL4, is the same as the UAS-Kir/ control animals
plitude of the EPSP in n 
 19 recordings (as calculated by Vm (p  0.139, Student’s t test) but is different from the MHC-GAL4/
EPSP amplitude for each recording). Membrane voltages reachedcontrol animal (p  0.02, Student’s t test). The average mEPSP
by the EPSPs are not different (p  0.163, Student’s t test). Theamplitudes are significantly different between the two control geno-
pictured EPSP traces are the average of 4–5 suprathreshold EPSPstypes in both Ba2 conditions (p 0.03, Student’s t test). The number
from a single animal of the indicated genotype and is representativeof recordings for each genotype and condition is shown above the
of the average amplitude of EPSPs from n
 19 recordings. “EPSP”bars.
refers to the average EPSP amplitude from n 
 19 recordings for
each genotype. Average EPSP amplitudes are significantly different
comparing the control to Kir2.1-expressing animals (p 0.003, Stu-
observed on the extrasynaptic muscle membrane sur- dent’s t test).
face (Figures 1F–1G and 1I–1J). Kir2.1AAE expression still (B) Graph of the overall muscle membrane voltage that is achieved
apparently concentrates at the postsynaptic membrane. by the peak amplitude of the EPSP at various calcium concentra-
tions. Muscle is depolarized to approximately the same overall levelHowever, previous studies suggest that this apparent
in the UAS-Kir/MHC-GAL4 animals (Kir Muscle, filled boxes [n 
 9])localization is due to the increased density of postsyn-
as in the control animals (MHC-GAL4/, open diamonds (n 
 6)aptic membranes within the subsynaptic reticulum in
and UAS-Kir/, open circles [n 
 8]) in 0.5 mM, 1.0 mM, and 1.5
muscle rather than being due to synaptic targeting or mM Ca2 (p 
 0.112, Student’s t test). Inset: graph of the overall
localization of the protein (Zito et al., 1997). muscle membrane voltage that is achieved by the peak amplitude
We used muscle expression of Kir2.1AAE to control of the EPSP at 0.5 mM and 1.5 mM Ca2 and includes data for the
Kir2.1AAE-expressing animals (KirAAE Muscle, filled circles [n 
 9])for any effect of Kir2.1 displacing other PDZ-interacting
and the UAS-KirAAE/ control (open triangles [n 
 6]). Muscle isproteins from the synapse in our experiments. We have
depolarized to approximately the same overall level in UAS-KirAAE/already established that Ba2 block of the Kir2.1 channel
MHC-GAL4 compared to Kir2.1-expressing animals and controls
corrects the decrease in muscle input resistance and (p 
 0.182, Student’s t test) at both Ca2 concentrations. Error bars
mEPSP amplitude observed in Kir2.1-expressing ani- are S.E.M. Complete genotypes are: yw/; UAS-KirAAE/MHC and yw;
mals (see Figure 3 and Table 1). Thus, these phenotypes UAS-KirAAE/.
are not the result of Kir2.1 interference with endogenous
PDZ binding proteins because the phenotypes are sen-
sitive to acute Ba2 block of the channel.
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Recordings from Kir2.1AAE-expressing muscle reveal
a decreased input resistance, a faster membrane time
constant, and a hyperpolarized resting membrane po-
tential, similar to recordings from Kir2.1-expressing
muscle (Table 1). In addition, the average mEPSP ampli-
tude in the Kir2.1AAE-expressing muscle in 0.5 mM Ca2
without Ba2 is 0.61  0.03 mV (n  10) which is signifi-
cantly smaller than control genotypes including UAS-
Kir2.1AAE/ (p  0.005, Student’s t test; see also Figure
3) and is similar to Kir2.1-expressing muscle. This data
supports the conclusion that the altered membrane
properties of the Kir2.1-expressing muscle is due to the
ability of the Kir2.1 channel to pass current and is not
dependent on its consensus PDZ-interacting sequence.
Next, we questioned if the homeostatic regulation ob-
served in the Kir2.1-expressing animals is dependent
on the integrity of the consensus PDZ-interacting se-
quence in the Kir2.1 channel. We measured the absolute
muscle depolarization at the peak of the EPSP amplitude
in 0.5 mM Ca2 and 1.5 mM Ca2 in animals expressing
Kir2.1AAE in muscle. As in the Kir2.1-expressing muscle, Figure 5. GluR Function Is Normal while Evoked Responses Are
the depolarization reached at peak EPSP amplitude in Increased in Kir2.1-Expressing Animals
the Kir2.1AAE-expressing muscle is wild-type despite im- (A) Left, quantification of average mEPSC amplitudes for the control
paired muscle excitability, demonstrating that homeo- animals (MHC-GAL4/ and UAS-Kir/) and the Kir2.1-expressing
animals (UAS-Kir/MHC-GAL4) in HL3 saline containing 0.3 mM Ca2static regulation occurs at the Kir2.1AAE-expressing syn-
and 0.3 mM Ba2. There is no difference in average mEPSC ampli-apses (Figure 4B, inset). Thus, we conclude that the
tude between these three genotypes (p 
 0.3, Student’s t test).homeostatic regulation observed in the Kir2.1-express-
Right, there is no change in distribution of spontaneous miniature
ing muscle is independent of the consensus PDZ-inter- release events when Kir2.1 is expressed in muscle. The number of
acting sequence in the Kir2.1 channel and is most likely events analyzed (n), the average amplitude of the mEPSCs (q), and
the result of decreased muscle depolarization due to the standard error of the mean () are indicated for each histogram.
Inset: sample traces showing spontaneous mEPSCs from the indi-the current passing ability of the Kir2.1 channel.
cated genotypes. Scale bars are 400 pA on the vertical axis and
400 ms on the horizontal axis.
GluR Function is Unaltered (B) Quantification of average evoked EPSC amplitudes for the con-
in Kir2.1-Expressing Animals trol animals (MHC-GAL4/ and UAS-Kir/) and the Kir2.1-express-
To investigate possible mechanisms of compensation ing animals (UAS-Kir/MHC-GAL4) in HL3 saline containing 0.3 mM
Ca2 and 0.3 mM Ba2. The average EPSC amplitude is 34% largerthat allow for normal synaptic depolarization of Kir2.1-
in the Kir2.1-expressing animals than in the control animals (p expressing muscle we examined synaptic currents in
0.002, Student’s t test). Control genotypes are not different fromvoltage clamp. The membrane potential of the muscle
one another (p  0.373, Student’s t test). Representative traces of
was held at85 mV for all recordings. The physiological evoked transmitter release from a control animal (UAS-Kir/) and
saline used in these recordings contained both 0.3 mM a Kir2.1-expressing animal (UAS-Kir/MHC-GAL4) are shown at the
Ca2 and 0.3 mM Ba2. Block of the Kir2.1 channel with right. In this and all subsequent figures, the number of recordings
for each genotype is shown above the bars and the asterisk indicatesBa2 was necessary to ensure adequate space clamp
a significant difference between control and experimental genotypeof the synapse in Kir2.1-expressing muscle. In Kir2.1-
values.expressing muscle there is approximately 66% voltage
attenuation along single muscles whereas control mus-
cle is isopotential (data not shown). Thus, we cannot
compared to 295.90  14.54 pA [n 13] in 0.3 mM Ba2expect to accurately estimate synaptic currents in volt-
for UAS-Kir/). We conclude from these data that GluRage clamp comparing control with Kir2.1-expressing
function is normal in the Kir2.1-expressing animals, de-muscle without using Ba2 to block the Kir2.1 channel.
spite a severe alteration in muscle excitability due toExtracellular Ba2 application improves the membrane
the altered membrane properties of muscle expressingproperties of the muscle including input resistance and
Kir2.1.improves the voltage attenuation at Kir2.1-expressing
muscle to approximately 12%, allowing effective mus-
cle-fiber voltage clamp. Ba2 had no effect on voltage Increased Presynaptic Transmitter Release
Compensates for Altered Postsynaptic Excitabilityattenuation in control muscle (data not shown).
There was no difference in the average amplitude of The homeostatic regulation of synaptic depolarization
may be due to a change in presynaptic transmitter re-the spontaneous miniature synaptic currents (mEPSCs)
comparing control genotypes with synapses expressing lease because postsynaptic GluR function is wild-type.
To address this possibility we assessed presynapticKir2.1 postsynaptically (Figure 5A). Ba2 treatment alone
has no affect on the average control mEPSC amplitude transmitter release by two independent methods. We
quantified quantal content based on the average ampli-(279.92  7.55 pA [n  10] without Ba2 compared to
271.22  18.54 pA [n  19] in 0.3 mM Ba2 for MHC- tude of evoked synaptic currents divided by the average
mEPSC amplitude, and we quantified the probability ofGAL4/ and 298.89  15.58 pA [n  11] without Ba2
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observing transmitter-release events at the level of sin-
gle synaptic boutons.
The amplitude of the evoked synaptic current (EPSC)
is increased by 34% in Kir2.1-expressing synapses com-
pared to controls (Figure 5B). Again, estimation of
evoked synaptic currents was performed in saline that
includes Ba2 to ensure accurate voltage clamp re-
cording. Since there is no change in the average ampli-
tude of the mEPSC amplitude in Kir2.1-expressing mus-
cle (Figure 5A), this demonstrates an increase in
presynaptic transmitter release at Kir2.1-expressing
synapses. Indeed, determination of quantal content at
these synapses shows that there is a significant 22%
increase in quantal content compared to the MHC-
GAL4/ genetic control (p  0.03) and a 56% increase
compared to UAS-Kir/ controls (p 0.003) (Figure 6A).
These data suggest that increased presynaptic release
compensates for developmentally impaired postsynap-
tic excitability of Kir2.1-expressing muscle.
The smaller size of Kir2.1-expressing muscle may,
however, impact estimates of the extent of homeosta-
tic compensation at these synapses. A smaller muscle
will not require as much transmitter release to achieve
appropriate depolarization (Katz and Thesleff, 1957;
Lnenicka and Mellon, 1983). Therefore, the observed
22%–56% increase in quantal content may actually un-
derestimate the true extent of synaptic compensation
that has occurred at the Kir2.1-expressing synapses
because these muscles are smaller than wild-type mus-
cle of a similar developmental stage. We therefore
measured muscle surface area and normalized quantal
content to muscle surface area (see Experimental Pro-
cedures). These normalized data reveal a 43% increase
in presynaptic release relative to the MHC-GAL4/ con-
trol (p  0.001) and a 73% increase in presynaptic re-
lease relative to UAS-Kir/ control (p  0.001) (Figure
6B). These increases may be more representative of the
true extent of developmental compensation observed
in the Kir2.1-expressing animals.
Additional evidence for an increase in presynaptic
neurotransmitter release is the observed increase in the
frequency of spontaneous mEPSC events at synapses
expressing Kir2.1 postsynaptically (Figure 6C). The
mEPSC frequency is increased by approximately 50%
compared to control animals (Figure 6C). We also ob-
serve an increase in mEPSP frequency of the same mag-
nitude in current clamp in 0.3 mM Ba2 (data not shown).
Figure 6. Evidence for a Homeostatic Increase in Presynaptic
Transmitter Release genotype (see Experimental Procedures). When normalized to mus-
(A) Quantification of quantal content in the Kir2.1-expressing and cle surface area, the quantal content in the Kir2.1-expressing animal
control animals, as estimated by dividing the average EPSC ampli- (UAS-Kir/MHC-GAL4) is increased 43% compared to the MHC-
tude by the average mEPSC amplitude from recordings in HL3 saline GAL4/ animals (p  0.0001, Student’s t test) and 73% compared
containing 0.3 mM Ca2 and 0.3 mM Ba2. Quantal content in the to the UAS-Kir/ control animals (p  0.0001, Student’s t test).
Kir2.1-expressing animals (UAS-Kir/MHC-GAL4) is increased 22% Control genotypes are not different from one another (p  0.159,
compared to the MHC-GAL4/ animals (p  0.03, Student’s t test) Student’s t test).
and 56% compared to the UAS-Kir/ control animals (p  0.001, (C) Quantification of mEPSC frequency as determined by counting
Student’s t test). Control genotypes are not different from one an- mEPSC events over a 49 s interval for multiple recordings in HL3
other (p  0.07, Student’s t test). saline containing 0.3 mM Ca2 and 0.3 mM Ba2. An increase in
(B) Quantification of quantal content normalized to muscle surface mEPSC frequency of approximately 50% is observed in the Kir2.1-
area for the Kir2.1-expressing and control animals. Quantal content expressing animals (UAS-Kir/MHC-GAL4) compared to the two con-
per muscle surface area was calculated by dividing the quantal trol genotypes (MHC-GAL4/ and UAS-Kir/) (p 0.008, Student’s
content from individual recordings in HL3 saline containing 0.3 mM t test). Control genotypes are not different from one another (p 
Ca2 and 0.3 mM Ba2 by the mean muscle surface area for a given 0.282, Student’s t test).
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crease in evoked release as a result of Ba2 treatment
has been demonstrated at the frog NMJ and is thought
to be due to a block of the presynaptic Ca2-activated
potassium current (Katz et al., 1995; Silinsky, 2000).
However, since the effects of Ba2 on presynaptic re-
lease are potentially complex, we have used a second
method for estimation of quantal content that does not
necessitate including Ba2 in the recording saline and,
in addition, does not rely upon measurement of EPSC
or mEPSC amplitudes.
We have previously quantified transmitter release at
single synaptic boutons using focal extracellular re-
cordings (Davis and Goodman, 1998b; Davis et al., 1996,
1997). A large bore patch pipette is placed over single
synaptic boutons under visual control using Nomarski
optics. The bore of the patch pipette is polished to a
consistent diameter of 2 m, slightly smaller than the
dimension of the Type 1b synaptic boutons that were
recorded from in these experiments. Care was taken
to record only from synaptic boutons at intermediate
positions along a chain of boutons that were clearly
separable from neighboring boutons. Release from sin-
gle boutons is quantified by determining the probability
of observing an evoked release event at a single synaptic
bouton in 0.25 mM Ca2. This technique allows for an
independent estimate of evoked presynaptic release
that does not rely upon measurement of EPSC and
mEPSC amplitudes. Importantly, this technique allowsFigure 7. The Probability of Observing a Release Event at Single
us to quantify presynaptic release without necessitatingBoutons Is Increased in the Kir2.1-Expressing Animals
the use of Ba2 in the recording saline because release(A) Quantification of the probability of observing a release event at
the single bouton level in the Kir2.1-expressing and control animals events are clearly separated from the noise in both wild-
in HL3 saline containing 0.25 mM Ca2. There is a greater than 80% type and Kir2.1-expressing synapses.
increase in the probability of observing a release event in the Kir2.1- The probability of observing a release event from sin-
expressing animals (UAS-Kir/MHC-GAL4) compared to control ani-
gle boutons in the Kir2.1-expressing animals is in-mals (MHC-GAL4/ and UAS-Kir/) (p  0.003, Student’s t test).
creased by more than 80% compared to controls (FigureControl genotypes are not different from one another (p  0.249,
Student’s t test). 7). These data demonstrate a homeostatic compensa-
(B) Sample amplitude histograms from boutons contacting UAS- tory increase in neurotransmitter release at synaptic
Kir/ muscle (left) or UAS-Kir/MHC-GAL4 muscle (right). Insets are boutons where Kir2.1 is expressed postsynaptically.
sample traces from each genotype (25 traces superimposed). The
These data are also consistent with data demonstratingnumber of events analyzed (N) and the average probability of observ-
an increase in presynaptic release based on an estimateing a release event (Pevent) are indicated for each histogram. Scale
bars are 100 V on the vertical axis and 12 ms on the horizontal of quantal content derived from measurement of the
axis. average EPSC and mEPSC amplitudes in Ba2 saline.
In conclusion, we provide evidence that increased pre-
synaptic release compensates for impaired muscle ex-
citability.It has been shown in a variety of systems, including the
Drosophila NMJ, that presynaptic manipulations that
cause an increase in neurotransmitter release can corre-
Discussionlate with increases in mEPSC frequency (Bekkers and
Stevens, 1995; Chavez-Noriega and Stevens, 1994;
We have demonstrated that expression of a functionalDavis et al., 1996; Rahamimoff and Yaari, 1973). This
Kir2.1 channel in Drosophila larval muscle impairs mus-increase in mEPSC frequency supports the conclusion
cle depolarization without altering postsynaptic GluRthat there is an increase in presynaptic release in the
function. We further demonstrate that there is a homeo-Kir2.1-expressing animals.
static increase in presynaptic neurotransmitter releaseWe have observed that the Ba2 treatment alone
that compensates for impaired muscle depolarizationcauses a reproducible 30%–50% increase in EPSC
caused by postsynaptic Kir2.1 channel expression. Thisamplitude in control animals while there is no effect of
presynaptic compensation allows the synapse to achieveBa2 on mEPSC amplitude. Thus, Ba2 alone causes a
precisely wild-type levels of muscle depolarization. Oursignificant increase in presynaptic transmitter release
results indicate that muscle is able to monitor absolutein control animals. Nonetheless, we observe a significant
membrane depolarization and use this information toincrease in quantal content at the Kir2.1-expressing syn-
achieve compensatory changes in presynaptic releaseapses when comparing quantal contents that have been
determined in Ba2 for all genotypes. A transient in- necessary to maintain appropriate synaptic efficacy.
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A Homeostatic Increase in Presynaptic expressing muscle (Figure 4). At both 0.3 mM Ca2 and
Neurotransmitter Release 0.5 mM Ca2, the synaptic currents are larger than wild-
We have presented multiple lines of evidence that dem- type (Figure 5 and data not shown); however the Kir2.1-
onstrate an increase in presynaptic neurotransmitter re- dependent outward current is large enough to effectively
lease at synapses where muscle depolarization has shunt the synaptic depolarization at the lower calcium
been impaired by expression of the Kir2.1 channel. At concentration (Figures 2 and 4). The underlying basis
the single bouton level, we observe an increase in the for increased synaptic currents at Kir2.1 muscle is an
probability of observing a neurotransmitter release increase in presynaptic transmitter release. The number
event (Figure 7). At the level of the entire synapse, we of possible mechanisms that could monitor postsynap-
observe a significant increase in quantal content (Figure tic excitability and trigger homeostatic compensation is
6). Finally, there is a substantial increase in the rate of restricted because there is no simple relationship be-
spontaneous release events at Kir2.1-expressing syn- tween the synaptic current and synaptic depolarization
apses (Figure 6). These data support the conclusion that in Kir2.1 muscle.
an increase in presynaptic release compensates for the
impaired muscle excitability induced by developmental A Model for Homeostatic Regulation
expression of Kir2.1 in muscle. We cannot, however, of Presynaptic Transmitter Release
distinguish whether the increase in transmitter release One possible model for homeostatic regulation that en-
is due to the insertion of new active zones or increased compasses data presented here, as well as previous
release from preexisting active zones (potentially includ- studies that have impaired GluR function, is to assume
ing the unmasking of previously silent active zones via that calcium influx through voltage-gated calcium chan-
a purely postsynaptic mechanism). nels regulates homeostatic compensation at the syn-
A variety of experimental manipulations have demon- apse. According to this model, if the EPSP consistently
strated the presence of potent homeostatic regulatory fails to depolarize muscle to activate a volage-gated
mechanisms that are able to adjust synaptic efficacy in calcium channel, then a homeostatic increase in presyn-
vertebrate cell culture as well as at the Drosophila NMJ aptic release would occur. Indeed, in the known exam-
(Davis et al., 1998; Davis and Goodman, 1998b; O’Brien ples of homeostatic regulation at the Drosophila NMJ,
et al., 1998; Petersen et al., 1997; Turrigiano et al., 1998). the EPSP amplitude achieves a remarkably precise reg-
Previous experiments have used experimental tech- ulation to the same absolute depolarization as wild-type
niques that directly or indirectly alter postsynaptic trans- (Davis et al., 1998; Davis and Goodman, 1998b; Petersen
mitter-receptor function. In vertebrate neuronal culture, et al., 1997). Such precision could be reasonably
homeostatic compensation has been observed follow- achieved if homeostatic compensation is related to the
ing either reduction or elevation of neural activity voltage-dependent activation of a channel.
throughout the entire cell culture (O’Brien et al., 1998; Another source of calcium influx is the postsynaptic
Turrigiano et al., 1998). Similarly, at the Drosophila NMJ, GluRs (Chang et al., 1994). With respect to the data
previous studies have employed genetic manipulations presented here, the immediate effect of Kir2.1 expres-
that alter postsynaptic GluR function and have provided sion is to cause membrane hyperpolarization (15 mV
evidence for a compensatory increase in presynaptic hyperpolarization) and increased leak current. This hy-
release (Davis et al., 1998; Petersen et al., 1997). In these perpolarization will result in a relatively minor (10%)
previous experiments, it is not possible to determine increase in the driving potential for calcium influx
whether the trigger for the observed compensatory through the postsynaptic GluRs. It seems unlikely that
changes is altered cellular depolarization or receptor
this source of additional calcium influx could initiate
activation.
the homeostatic regulation of presynaptic release since
The results presented here show that altered postsyn-
previous studies that impair current flow through GluRsaptic membrane depolarization is sufficient to induce a
result in the same homeostatic increase in presynapticcompensatory change in presynaptic transmitter re-
release observed in Kir2.1-expressing synapses (Pet-lease. This demonstrates that decreased current flow
ersen et al., 1997).through GluRs is not required to trigger homeostasis.
Finally, increased intracellular calcium concentrationThus, information regarding cellular activity can be de-
is responsible for excitation-coupled contraction ofrived from a monitor of membrane depolarization. A
muscle. It is possible that additional sources of calcium,monitor of membrane depolarization allows a cell to
such as intracellular stores, are also directly involved indirectly assess cellular activity, which is the parameter
controlling synaptic homeostasis. In this manner thethat is being maintained by homeostatic regulatory
homeostatic regulation of synaptic depolarization couldchanges to synaptic function. In addition, this monitor
be related to the mechanisms that drive muscle con-could be physically located in the cell soma rather than
traction.being restricted to the synapse. This is an attractive
feature because the monitor would be able to integrate
Independent Regulation of Structural and Functionalactivity at a central location, near the site of action po-
Synaptic Developmenttential initiation and in close proximity to the cell nu-
Homeostatic mechanisms operate throughout larval de-cleus.
velopment in order to maintain proper muscle function.It is remarkable that the neuromuscular system in the
During neuromuscular growth, an increase in both syn-Kir2.1-expressing animals are able to achieve the same
apse size and transmitter release is coordinated withlevel of overall muscle depolarization as in wild-type
increased muscle size. Theoretical calculations and ex-animals despite a nonlinear relationship between trans-
mitter release and muscle depolarization in Kir2.1- perimental observations agree that muscle input resis-
Synaptic Homeostasis in Drosophila
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tance decreases according to increased muscle diame- Homeostatic Regulation during Neural
Plasticity and Diseaseter (Rin d1.5) (Katz and Thesleff, 1957; Lnenicka and
Mellon, 1983). Thus, as muscles become larger, their Our ability to learn and adapt to our environment is
thought to require changes in synaptic connectivity andinput resistance decreases and they are more difficult to
depolarize. Expression of the Kir2.1 channel in muscle, neural excitation. It seems essential, therefore, that the
homeostatic regulation of neural activity should not pre-however, uncouples the normal relationship between
input resistance and muscle volume because Kir2.1 ex- clude activity dependent modification of neural circuitry.
Rather, homeostatic mechanisms might establish limitspression dramatically decreases muscle input resis-
tance independent of muscle volume (Table 1). Despite beyond which activity-dependent changes may not rea-
sonably modify cellular activity (Davis and Bezproz-uncoupling electrotonic and physical growth, the rela-
tionship between synapse size and muscle surface area vanny, 2001; Turrigiano and Nelson, 2000). As such,
homeostatic regulation should ensure the stability ofremains wild-type. This indicates that factors other than
the electrical properties of the muscle are used by the neural function without impairing the capacity for neural
change. Our data indicate that homeostatic mecha-synapse to couple synaptic growth with muscle growth.
Changes in synaptic growth may be driven by mecha- nisms are sensitive to absolute levels of membrane de-
polarization. Such a mechanism could be used to setnisms that are sensitive to muscle surface area, poten-
tially involving trans-synaptic cell adhesion (Balice-Gor- limits beyond which changes in neural activity are not
tolerated.don et al., 1990; Davis and Goodman, 1998b; Schuster
et al., 1996a). We understand very little about the underlying mecha-
nisms of the diverse homeostatic regulatory processes
that have been observed. It is possible that homeostatic
mechanisms, functioning either appropriately or inap-Comparison of Homeostatic Synaptic Regulation
with Studies of Activity-Dependent Synaptic propriately, could be the underlying etiology in some
neurological diseases. A thorough molecular character-Development in Drosophila
Three different genetic manipulations in Drosophila have ization of the mechanisms that trigger and mediate di-
verse forms of synaptic compensation will be necessarybeen demonstrated to impair muscle excitation: muta-
tion of postsynaptic GluRs (Petersen et al., 1997), modu- before we can define a relationship between homeo-
static signaling and the basis for a broad spectrum oflation of GluR function (Davis et al., 1998), and expres-
sion of Kir2.1 in muscle. All three manipulations reveal neurological disorders and diseases. The present study
demonstrates that cellular depolarization is sufficienta homeostatic increase in presynaptic release that is
not accompanied by any change in bouton number. to trigger homeostatic signaling at the synapse and,
therefore, refines the search for the underlying mecha-Previously, potassium channel mutations (ether-a-go-
go and Shaker), that are expressed both pre- and post- nisms responsible for homeostatic regulation of synap-
tic and neural function.synaptically, have been shown to cause an increase in
both pre- and postsynaptic excitability (Budnik et al.,
Experimental Procedures1990; Ganetzky and Wu, 1983; Zhong and Wu, 1991). The
potassium channel-dependent increase in excitability
Immunohistochemistry
also causes an increase in synaptic structure (Budnik For bouton counts and muscle surface area measurements, wander-
et al., 1990). Despite an alteration in both pre- and post- ing stage third instar larvae were dissected in 0.5 mM Ca2 HL3
saline (Kir2.1-expressing animals) (Stewart et al., 1994) or 0 mMsynaptic excitability, there is considerable evidence that
Ca2 HL3 saline (controls). For the Kir2.1-expressing animals, Rinaltered presynaptic activity, not postsynaptic activity,
was determined after dissection using current clamp (see below) indrives this change in synaptic structure. For example,
order to confirm that the muscles were expressing a functional Kir2.1it has been demonstrated that a decrease in the presyn-
channel. GFP expression was also assessed in these animals to
aptic expression of the cell adhesion molecule Fasciclin confirm expression of the Kir2.1 channel. After recording (Kir2.1-
II is both necessary and sufficient for this potassium expressing animals) or dissection (controls), the animals were fixed
in 3.7% formaldehyde/PBS for 7 min and stained with a combinationchannel-dependent change in synaptic structure (Davis
of anti-FasII and anti-synapsin monoclonal antibodies (1:10 dilutionet al., 1996; Schuster et al., 1996b). In addition de-
of each in PBT). Visualization was achieved using TRITC labeledcreased presynaptic exciability caused by sodium chan-
goat anti-mouse secondary antibody (Jackson Labs) (1:200 dilutionnel mutations (there are no sodium channels in Drosoph-
in PBT). Muscles were visualized using light microscopy and muscle
ila muscle) results in decreased presynaptic growth and surface area was measured under a 10 objective using a reticle
these sodium channel mutations can suppress the po- and micrometer. Using these measurements, a mean muscle surface
area was determined for each genotype and used to normalizetassium channel mutation induced increase in synaptic
quantal contents to muscle surface area.growth (Budnik et al., 1990; Jarecki and Keshishian,
1995). These data argue that presynaptic activity is cou-
Imaging and Analysis
pled to the mechanisms that control synaptic growth Imaging was done on a Delta Vision confocal microscope. For visual-
(via the cell adhesion molecule Fasciclin II) while post- ization of GFP localization, dissected larvae were fixed for 2 min
synaptic excitability does not influence synaptic growth. and immediately mounted on slides in HL3 saline and imaged. Fluo-
rescence intensities were measured using the line profile tool ofQuantal content has not been determined in these chan-
Delta Vision software.nel mutant backgrounds because of the effects on ac-
tion potential shape. It is clear, however, that changes
Genetics
in postsynaptic excitation are linked to changes in pre- The UAS-Kir2.1 transgene used throughout this study was con-
synaptic quantal content (Davis et al., 1998; Davis and structed as described (Baines et al., 2001). The insertion used is a
single, third chromosome homozygous viable stock, UAS-Kir-eGFP/7.Goodman, 1998b; Petersen et al., 1997).
Neuron
748
The UAS-Kir2.1AAE transgene used in this study was constructed as Fund of the Damon Runyon-Walter Winchell Foundation Fellowship
DRG-1585. S.T.S. is a Wellcome Prize Travelling Fellow (058327/Z/follows. The putative PDZ binding consensus sequence (SEI) in the
Kir2.1 channel was replaced with AAE (Zito et al., 1997) by per- 99/Z). This work was supported by a Burroughs Wellcome Young
Investigator Award, Merck Scholar Award, a Klingenstein Award,forming site directed mutagenesis using the primers 5-CGGCG
AGAGGCGGCGGAATGACCTAGA and 5-TCTAGGTCATTCCGCCG and a National Institutes of Health Grant (44908-32374) to G.W.D.
CCTCTCGCCG and pMGFPKir (Baines et al., 2001) as template. The
product was subcloned into the pUAST vector (Brand and Perrimon, References
1993) and injected into embryos; one transformant was obtained.
For electrophysiological recordings using the Kir2.1AAE-expressing Baines, R.A., Uhler, J.P., Thompson, A., Sweeney, S.T., and Bate,
animals, only animals that had detectable GFP expression and had M. (2001). Evoked synaptic activity is required for the electrical but
a Rin  2 M were chosen for electrophysiological analysis. 55.6% not morphological development of central neurons in the Drosophila
of dissected Kir2.1AAE animals had detectable GFP expression (n  embryo. J. Neurosci. 21, 1523–1531.
45) compared to 99% in Kir2.1-expressing animals. 96% of GFP
Balice-Gordon, R.J., Breedlove, S.M., Bernstein, S., and Lichtman,
expressing Kir2.1AAE animals had a Rin  2 M (n  25). Animals for J.W. (1990). Neuromuscular junctions shrink and expand as muscle
physiological recordings were reared at room temperature (22C).
fiber size is manipulated: in vivo observations in the androgen-
sensitive bulbocavernosus muscle of mice. J. Neurosci. 10, 2660–
Electrophysiology 2671.
Wandering third instar larvae were selected from the side of vials Balice-Gordon, R.J., and Lichtman, J.W. (1990). In vivo visualization
after having left the food. Larvae were dissected in HL3 saline; Ca2 of the growth of pre- and postsynaptic elements of neuromuscular
and Ba2 concentrations are as indicated. For experiments using junctions in the mouse. J. Neurosci. 10, 894–908.
Ba2 block of Kir2.1, animals were dissected in Ba2 saline and
Bekkers, J.M., and Stevens, C.F. (1995). Quantal analysis of EPSCsincubated for 5 min before recording. Recordings were made from
recorded from small numbers of synapses in hippocampal cultures.muscle 6, segment A3, of female larvae and were selected for data
J. Neurophysiol. 73, 1145–1156.acquisition only when the resting membrane potential of the cell
Bradley, K.K., Jaggar, J.H., Bonev, A.D., Heppner, T.J., Flynn, E.R.,was  60 mV. Stimulation of the segmental nerve was achieved
Nelson, M.T., and Horowitz, B. (1999). Kir2.1 encodes the inwardas described (Davis et al., 1996). Single electrode voltage clamp
rectifier potassium channel in rat arterial smooth muscle cells. J.(SEVC) was performed using an Axopatch 200B amplifier (Axon
Physiol. 515, 639–651.Instruments) in V-Clamp mode and whole cell configuration using
sharp electrodes filled with 3 M KCl with a resistance of 10–15 M. Brand, A.H., and Perrimon, N. (1993). Targeted gene expression as
For all recordings, the muscle was clamped at 85 mV and series a means of altering cell fates and generating dominant phenotypes.
resistance was compensated 95%. Two electrode voltage clamp Development 118, 401–415.
(TEVC) was performed using an Axoclamp 2B amplifier (Axon Instru- Budnik, V., Zhong, Y., and Wu, C.F. (1990). Morphological plasticity
ments). Muscles were clamped at 85 mV and stepped from 115 of motor axons in Drosophila mutants with altered excitability. J.
mV to 5 mV in 10 mV increments. Current clamp recordings were Neurosci. 10, 3754–3768.
performed using an Axopatch 200B amplifier in I-clamp Fast mode.
Chang, H., Ciani, S., and Kidokoro, Y. (1994). Ion permeation proper-Microelectrodes were filled with 3 M KCl and had a resistance of
ties of the glutamate receptor channel in cultured embryonic Dro-15–25 M for current clamp. Rin was determined by injecting 1 nA
sophila myotubes. J. Physiol. 476, 1–16.(in the case of control animals, some Kir2.1AAE animals, and Kir2.1-
Chavez-Noriega, L.E., and Stevens, C.F. (1994). Increased transmit-expressing animals in Ba2) or 5nA (in the case of Kir2.1-expressing
ter release at excitatory synapses produced by direct activationanimals without Ba2 treatment and some Kir2.1AAE animals) of cur-
of adenylate cyclase in rat hippocampal slices. J. Neurosci. 14,rent into the muscle for 200 or 400 ms. 	 was measured by fitting
310–317.a single exponential equation to the curve generated by this current
injection using the cursor option in the Clampfit portion of pCLAMP. Davis, G.W., and Bezprozvanny, I. (2001). Maintaining the stability
It was difficult to measure 	 of the Kir2.1-expressing animals without of neural function: a homeostatic hypothesis. Annu Rev. of Physiol.
Ba2 treatment due to the large capacitive transient of the electrode 63, 847–869.
and the fast 	 of the muscle in these animals. Thus this value (Table
Davis, G.W., DiAntonio, A., Petersen, S.A., and Goodman, C.S.
1) is possibly an overestimate of 	 in these animals.
(1998). Postsynaptic PKA controls quantal size and reveals a retro-
Single bouton recordings were performed as previously described
grade signal that regulates presynaptic transmitter release in Dro-
(Davis and Goodman, 1998b; Davis et al., 1996; Davis et al., 1997).
sophila. Neuron 20, 305–315.
All recordings were performed in 0.25 mM Ca2 HL3 saline (the same
Davis, G.W., and Goodman, C.S. (1998a). Genetic analysis of synap-saline was used in the bath and recording pipette).
tic development and plasticity: homeostatic regulation of synapticData were digitized and recorded to disk using a Digidata 1200B
efficacy. Curr. Opin. Neurobiol. 8, 149–156.analog-to-digital board and pCLAMP7 software (Axon Instruments).
Measurement of spontaneous mEPSPs and mEPSCs was semi- Davis, G.W., and Goodman, C.S. (1998b). Synapse-specific control
of synaptic efficacy at the terminals of a single neuron. Nature 392,automated using Mini Analysis software (Synaptosoft); approxi-
mately 150–400 events were analyzed and averaged per recording. 82–86.
Measurements of maximal EPSP and EPSC amplitude, input resis- Davis, G.W., Schuster, C.M., and Goodman, C.S. (1996). Genetic
tance, and current magnitude in TEVC were done by hand using dissection of structural and functional components of synaptic plas-
the cursor option in Clampfit. For each EPSC and EPSP recording, ticity. III. CREB is necessary for presynaptic functional plasticity.
the average amplitude was determined by averaging numerous sin- Neuron 17, 669–679.
gle EPSPs or EPSCs that represented the maximal response to
Davis, G.W., Schuster, C.M., and Goodman, C.S. (1997). Genetic
suprathreshold stimulation. The magnitude of the currents obtained
analysis of the mechanisms controlling target selection: target-
by TEVC was analyzed at 15 ms.
derived Fasciclin II regulates the pattern of synapse formation. Neu-
ron 19, 561–573.
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